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Various respiratory procedures have been proposed for estimating the cardiac output.
Of these the method of Marshall and Grollman (1) has perhaps received the most careful and critical substantiation.
As far as it need concern the present discussion, the method in its more recent development (2) involves the breathing into the lungs of a mixture of acetylene and air enriched slightly wit*h oxygen. The mixture is rebreathed in and out of a rubber bag for at least 15 seconds, and a sample taken (at expiration?). A second similar sample is taken about eight seconds later. From the acetylene, oxygen and CO2 content of these two samples and the resting O2 consumption, the resting cardiac output is calculated by a formula which presupposes among other things, that the re-breathing procedures are not extended beyond such a time as may permit re-circulation of acetylene-containing blood to the alveoli. In determining the cardiac output of man in the Louisville laboratories, by the injection method (3), one of us with Moore and Kinsman has come tentatively at least to the conclusion that the cardiac output is much more variable than it would seem according to Grollman's figures. Once in a while our output figures are low, as are those of Grollman, but in such experiments the total circulation time is long-18 or 20 seconds. In a great majority of cases, however, the total circulation time is shorter (10.0, 10.5, 12.0, 12.0, 12.0, 13.0, 14.0, 14.0, 15.0, 15.0, 15.0, 16.0, 17.0, 18.0, 18.0, 18.0, 18.0-av. 14.7 seconds) and the output greater than would be congruent with the results of Grollman. Total circulation times longer than the above list were usually associated with congestive heart disease, while total circulation times shorter than these were usually associated with severe anemia or hyperthyroidism (cf. Blumgart, 4). The fact that Grollman used practised subjects who were probably not anxious about the procedures, and the further fact that emotional excitement probably long circulation time to make possible the procedure of Marshall and Grollman.
Such a situation is rendered improbable by the above list of circulation times, taken from patients who were not all of them unduly excited, and by the further fact that these figures are of the same order as (or somewhat less than) those of the arm to arm circulation time (Blumgart, 4) (av. 18 seconds).
This condition arises from the fact that the arm to heart time is of the same order (6.6 seconds) as, or somewhat greater than, the circulation time through the shorter systemic paths. The fact that these shorter systemic paths carry very appreciable quantities of blood is evidenced by the measurements of Starr and Collins (5) who show that in 15 seconds 44 per cent of the cardiac output of the dog has passed through the systemic path and back to the heart.
Comparison of the figures of Stewart (6) and Blumgart (4) who give 6.3 seconds and 6.5 seconds respectively as the average time of the pulmonary circulation in dogs and in man, indicates that these figures can be transferred almost bodily from dog to man.
Since the procedure of Marshall and Grollman involves vigorous breathing, and since this increases the circulation rate by 30 per cent (1) more or less, one would expect a similar decrease in the circulation time, and could not be justifiably surprised if, under the conditions of the experiment, blood began to return to the lungs in considerably less than 15 seconds. Now if the blood which returns to the lungs after the first circulation and before the Jirst acetylene sample brings back acetylene, it will have the effect of decreasing the cardiac output figure by hindering the diffusion of acetylene into the lung blood as well perhaps as by raising the relative value of the second acetylene sample and lowering the acetylene difference figure.
We came to the conclusion, on the basis of experiments which are to be detailed below, that the first blood to return brought acetylene back with it. Before we could properly evaluate the significance of these experiments we had them confirmed, in part, for man at the hands of Grollman himself.
Baumann and Grollman (7) showed that when a sample of right ventricular blood was taken between 13 and 20 seconds after acetylene breathing had begun, it was found to contain "five per cent acetylene."
Data concerning the strength of the acetylene breathed, the type of breathing and the actual basis on which the five per cent figure rests, are unfortunately left for the reader to supply. From this single experiment it is implied that one should grant that merely insignificant amounts of acetylene, even under normal conditions, return to the lungs before 20 to 25 seconds.
If the return of "five per cent" could be expected to work a change of five per cent or less upon the calculated output by merely interfering with the uptake of acetylene by the lung blood, the matter would be of little importance.
One would merely say the results might be five per cent or so too low and accept them as such. Unfortunately, however, the situation is more complex than this; the second sample might be affected more than the first, hence the difference between them would be reduced not merely by the general reduction of diffusion inwards but also by the specific effect of the returning acetylene upon the second sample.
Since the difference figure is directly proportional-other things being equal-to the calculated flow, and since the figure itself is of the order of two or three per cent acetylene, it is impossible to conclude that a return of five per cent acetylene would affect this difference figure to a negligible extent.
Thus one is led to conclude that if the output is high and the total circulation time low, the method of Marshall and Grollman will give results that are too low, though it may be adequate in case the output is low and the total circulation time high.
EXPERIMENTAL.
In order to throw additional light upon the time necessary for the diffusion of acetylene into the blood and again out into the lung air after it had been carried through the systemic circulation, it was decided to ventilate one lung with pure acetylene and the other lung with oxygen simultaneously, taking samples from the oxygen lung at various intervals and testing them for acetylene.
Sodium amytal was used as the anesthetic, since the use of a non-volatile substance was imperative.
A tracheotomy was done and a glass tube inserted and fixed with ligatures.
Artificial respiration was instituted when needed. The left bronchus was then exposed by resection of the fifth, sixth, seventh, and eighth ribs.
A clamp was placed as near as possible to the origin of the left bronchus, closing off the left lung entirely from the right, and allowing the animal to be ventilated through the right lung only. The left bronchus was then cut distally to the clamp and intubated, producing air-tight connections.
The circulations to the right and left lungs were not disturbed, and all hemorrhage was controlled. In this way, the air passages to the two lungs were separated from each other entirely, but their circulations left intact.
A bag filled with acetylene was then connected to the left bronchus. A bag of oxygen was connected to the tracheotomy tube by means of a thick walled rubber tube, into which 18 gauge needles, attached to evacuated gas samplers, were inserted.
Simultaneously, every four seconds, both lungs were expanded by their separate gases, samples being taken at definite intervals from the tube leading to the right lung. The samples were taken at the end of expiration (complete collapse of lungs) and therefore were alveolar samples.
They were analyzed for carbon dioxide and acetylene by the method of Treadwell and Tauber (8) , as advocated by Grollman.
The data thus obtained from a series of four experiments were plotted in figure 1 , in which the ordinates represent the percentages of acetylene in the samples from the right (oxygenated) lung, and the abscissae the length of time for which the left lung had been ventilated with acetylene. Based upon preliminary experiments, the error of the analyses from all sources is probably not greater than ~tO.025 per cent of acetylene, and the odds that the results from eight seconds on are significantly greater than zero are in all cases better than ten thousand to one. By the time the samples were taken the dogs were moribund and one could hardly expect as much acetylene to come off as did. From the chart it can be seen that after re-breathing for eight seconds, a definite amount of acetylene is detectable in the oxygenated lung, indicat$ing re-circulation of acetylene in this time. from the right lung must have reached the lung through the circulation. If acetylene returns to the lungs in dogs in as little time as eight seconds which is approximately the total circulation time in dogs in surgical shock, as determined by injection methods, it would similarly be reasonable to believe that acetylene, re-breathed by man, would return within 14 seconds or so which is the total circulation time in man determined by injection methods. Hence, in many subjects, the acetylene method could not be used with any hope of accuracy, for the reasons discussed above.
It is quite true that this objection to the method would not apply to determinations in those subjects whose total circulation time is greater than 23 seconds. However, the determination of cardiac output by the acetylene method, having previously determined the total circulation time by an injection method, in order to be sure that it is not less than 23 seconds, In the second place, physiological variations within the same individual might easily allow the subject, at one time, to have a circulation time of greater than 23 seconds, and a few minutes later, to have a figure less than 23 seconds.
This applies particularly under the conditions of the acetylene experiment since the subject is required to re-breathe violently enough to secure mixture and as a result increase his blood flow as much as 30 per cent (1). This increased blood flow must decrease the circulation time.
Another series of experiments bearing upon this question has been reported from the Hopkins laboratory (1, 9) .
When the acetylene samples are taken after a short period of re-breathing, the cardiac output figure is from 20 to 50 per cent higher than if the subject re-breathes a few seconds longer (1, 9) . This is attributed to incomplete mixing on the basis (9) that complete mixing occurs only after 15 seconds re-breathing (18 seconds recumbent,) which seems to be well attested (10) . That the slight imperfections of mixing a few seconds earlier can produce the astonishingly large "errors" reported is rather a different question.
In fact it would seem that imperfect mixing would act to reduce rather than to raise the putput for the following reasons.
At the beginning and until mixing is complete there is more acetylene in the bag than the alveolar air. From the original description of the method (cf. (10) p. 111 and (1) p. 118) the samples would seem to be mostly alveolar air. If this is so, the second sample would be increased, relative to the first by any mixing which might occur after the first sample had been taken.
This increase in the relative strength of the second sample would decrease the acetylene difference figure and hence the cardiac output.
If the samples are taken during inspiration and are composed of "bag" air rather than alveolar, we have another interesting consideration in the fact that the absolute value of the difference between the first and second samples would, other things being equal, be greater, the more soluble the gas. The role of imperfect mixing (taking as it does, under similar circumstances, a given amount of gas from the bag during the interval between the samples) would therefore be less important, i.e., would work a lesser change in the output figure.
Now acetylene is more soluble in blood than either nitrous oxide or ethylene but there is nothing in the writings of Grollman to indicate that "imperfect mixture" does not play the same role whichever gas is used.
A further point that is brought out in one of Grollman's more recent papers (11) is that there may be complete acetylene equilibrium between lung air and simultaneously (sic.) obtained arterial samples five seconds after the subject begins to breathe the gas. The statement that agreement obtained in acetylene tension between alveolar air and arterial blood samples, each taken five seconds after the inhalation of acetylene, would imply t,he author's belief that the equilibrium was reached earlier by two to four seconds (the lung to arm circulation time).
The implications of such a belief are rather far reaching and should, of course, be substantiated by more critical evidence.
They certainly lend at least dialectic support to the contention in the above paragraphs that short exposure periods need not, through inadequate mixture, lead to false high cardiac output figures.
The contention that there is a "plateau" in the cardiac output figure, lasting between 15 and 25 seconds' re-breathing time (1, 9) may or may not be confirmed in other laboratories.
We did not think it worth while to repeat the experiments because in the light of our work such a plateau might be expected; a plateau whose significance can be interpreted in a wholly different fashion from the interpretation of the authors. There would seem to be no difficulties in the way of assuming that the output figures are constant when samples are taken during the period of first return, are higher during an earlier period and are lower during the period of second and third return.
The constancy of the putput figures during the first return is no criterion of their accuracy since they are calculated with no regard for venous acetylene.
The most important evidence in favor of the acetylene method is the reported agreement between the cardiac output as determined by the method in question and by the direct Fick procedure in man. A short series of experiments, when they bear internal evidence of variability, is not statistically adequate for conclusions on so important a matter. This is amply illustrated by experiments reported from the Louisville laboratories, showing agreement between the Fick outputs and the injectionmethod outputs (12) , in spite of the fact that later work (3) has brought to light a systematic error of ten to fifteen per cent in the earlier technique. The same can be said of the ethyl iodide method (13) where the Fick checks are very close, though the earlier technique is not acceptable in the minds of most observers.
The agreement between the acetylene and Fick procedures reported by Grollman is no doubt in part due to the compensation of the error produced by re-circulation of acetylene tending to reduce the output figure by a similarly produced but opposite error due to the re-circulation of oxygen.
That the errors compensate fairly well, "fortuitously of course" (cf. (2) p. 442), in these experiments is no indication that they may be expected to do so at all times and under all conditions. SUMMARY An attempt is made to evaluate the acetylene method of determining the cardiac output.
It is suggested that some of the assumptions upon which the procedure is based, are contradicted by evidence derived from the literature and from experiments reported herewith.
